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We report the development of a fast position-sensitive laser beam detetor with a bandwidth that
exeeds urrently available detetors. The detetor uses a ber-opti bundle that spatially splits
the inident beam, followed by a fast balaned photo-detetor. The detetor is applied to the study
of Brownian motion of partiles on fast time sales with 1 Ångstrøm spatial resolution. Future
appliations inlude the study of moleule motors, protein folding, as well as ellular proesses.
I. INTRODUCTION
Laser beam pointing position sensing nds many
important appliations in atomi fore mirosopy,
spatial imaging with optial tweezers, and target
aquisition
1,2,3,4,5,6
. The simplest realization of beam
pointing detetion is to fous the laser onto a split de-
tetor. A ommerial realization of this onept is the
quadrant detetor that splits the beam into four parts,
providing information about the laser pointing in two
orthogonal diretions. Typially, the large surfae-area
of these photodiodes (and hene large apaitane), lim-
its the detetor speed to only a few hundred KHz. The
quadrant detetor an be redued in size in order to im-
prove the bandwidth, but this approah is limited by
two fators: The rst is that the area of the gap between
the quadrants must be kept small ompared with the a-
tive photodiode area. The seond fator is that at high
frequenies there will be signiant ross-talk between
the quadrants, and photourrents annot be simply sub-
trated as is presently done.
Our interest in this problem was stimulated by the
study of Brownian motion of nanometer size beads held
by optial tweezers where very fast response is needed.
We report here a new split detetor design whih makes
fast detetion possible. Our detetor measures motion in
one transverse diretion, but an be easily generalized to
two and three dimensions. Beyond the study of Brownian
motion, this detetor should nd important sienti and
tehnologial appliations.
II. DESIGN
Our guiding philosophy in developing a new devie is
to separate the funtions of a position sensitive detetor
so that eah an be independently optimized. The rst
funtion is splitting of the beam and the seond funtion
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is the balaned photodetetion of eah half. This is real-
ized in pratie with a ber opti waveguide that is split
into halves with the light from eah end foused onto a
fast photodiode. The two detetors are operated in a bal-
aned subtration mode, providing position information.
A shemati of our set-up is shown in Fig. 1 and we now
desribe eah stage in detail.
A. Fiber Opti Wave-Guide Splitter
Our design uses a ber opti waveguide splitter to spa-
tially split an inident laser beam. The front end of the
bundle is split in half vertially, where the two halves are
separated at the bak end of the bundle as shown in Fig.
2. The ber splitter onsists of 1000 multi-mode bers
[model MM-S105/125-22A, 105µm ore, 125µm ladding,
Nufern Corporation, East Granby, CT℄ paked into a
4.4m diameter front end with two bak ends omposed
of an equal number of bers. The bers are stripped of
their oating to allow a higher paking eieny whih
redues loss of the inident beam. Stripping the pro-
tetive oating exposes the glass ore and ladding, and
heat-shrink tubing is used to bind and protet the bers
tips. To permanently seal the bers, low visosity glue
[type 609, Henkel Lotite Corporation, Roky Hill, CT℄
is applied between the bers. Two aluminum rings are
epoxied over the front end to help mount the bundle for
utting and polishing. We use a diamond edge saw to
ut the bers to the same length.
Polishing is neessary to remove the rough ut of the
diamond edge saw. We use a series of aluminum ox-
ide lapping lms of grits ranging from 30 µm to 0.3 µm
[model LFG, aluminum oxide lapping lms: 30µm, 5µm,
3 µm, and 0.3 µm, ThorLabs Corporation, Newton, NJ℄.
An aluminum holder keeps the ber bundle perpendiu-
lar to the lapping lm surfae to ensure the smoothest
and attest polish. The lapping lms are plaed on a
glass surfae and polishing lubriant is added. We start
with the oarsest lapping lm (30µm), and stepped with
various lapping lm grits ending with a lapping lm of
0.3 µm. Between eah lapping lm polish, the bundle is
inspeted under a mirosope to ensure that the bers
are being polished evenly. The front end of the bundle is
split after polishing is omplete.
2FIG. 1: Shemati of the omplete position-sensitive detetor.
The ber opti waveguide splitter splits an inident beam into
two equal parts. Lenses L1 and L2 serve to ollimate the light.
The light is direted with mirrors M1 and M2 and foused
onto the balaned-photo detetor with lenses L3 and L4.
Splitting the front end of the ber opti waveguide is
aomplished by mounting a at-edge mask (razor blade)
vertially on a translation stage in front of the waveg-
uide and illuminating with a laser. The mask bloks
exatly half of the ber waveguide so sorting an be a-
omplished. At the other end, bers that emit light are
manually moved to one side while the dark bers are
moved to the other side. Fibers that are partially ov-
ered with the knife edge (enter bers) are divided up by
relative intensity, providing a gradiated splitting. One
the sorting is omplete the two bak ends are bound and
polished in the same fashion as the front end. A pho-
tograph of the ompleted waveguide is shown in Fig. 3.
In the nal setup, the waveguide is mounted on an x-y-z
translation stage to enable alignment with respet to the
inident beam.
B. Optis and Detetor
After the waveguide splitter, the rest of the position
detetor onsists of a balaned photo-detetor and op-
tis. Due to the numerial aperture of the bers (NA =
0.22), light oming out of the waveguide must be olli-
mated and foused onto the balaned photo-detetor. In
our experimental setup, we use a 1064 nm laser with a
maximum power of 700mW [NPRO model 126-1063-700,
Lightwave Eletronis (now JDSU), Milpitas, CA℄.
We ollimate the light from the bak end of eah bun-
dle using two-inh diameter, 37mm foal length aspheri
lenses (lenses L1 and L2 in Fig. 1). Two mirrors (M1 and
M2) diret the ollimated light towards the balaned de-
tetor. Smaller aspheri lenses, one-inh diameter 12mm
foal length (lenses L3 and L4), fous the light onto
the detetor. Eah of these lenses and the detetor are
mounted on translation stages for alignment and balan-
ing.
We use a balaned photo-detetor sensitive in the range
from 800 nm to 1700 nm [PDB120C, ThorLabs, Newton,
FIG. 2: Shemati of the front end of the ber opti waveguide
splitter. Fibers on the left side of the red dashed line are
sorted into one bundle on the bak end while bers on the
right side are sorted on the other end. A laser and knife edge
is used to split the waveguide into two equal parts.
NJ℄. The detetor has a bandwidth from DC to 75 MHz
and has a photodiode of diameter 0.3 mm. The dete-
tor is hosen for its high transimpedane gain (1.8x10
5
V/A) and high-frequeny bandwidth. The subtrated
photourrent provides the baseline for our measurements.
As a optially trapped partile moves within the inident
beam, the fration of light impinging on eah detetor
hanges, and the resulting voltage of the balaned dete-
tor is proportional to the partile exursion as long as
the displaement remains small
4
.
III. RESULTS
A. Waveguide Splitter Eieny
To determine the eieny of the waveguide we mea-
sure the fration of light that is transmitted by the bun-
dle. We mount the waveguide on an x-y-z translation
stage and we set up two power meters to measure the
intensity oming out eah bak end. A YAG 1064 nm
laser (beam waist of 4mm), illuminates the front end of
the waveguide. We adjust the waveguide until the beam
is entered on the front end and the intensity oming out
eah bak end is equal. The "balaned power" is deter-
mined to be 30% of the initial power of the initial laser
beam. The loss in intensity is due to paking eieny,
broken bers (5 bers were known to have broken out of
1000), and the ber ladding. The ber an only trans-
mit light if the light impinges on the ore of the ber
therefore light entering the ladding is lost. A loss of
29% is aounted for by the ratio of the ladding area to
the area of the total ber.
3FIG. 3: Photo of ompleted split ber bundle. The bundle
is 20.3 m in length and the two bak ends are split about
5 m. The aluminum rings help with mounting for utting
and polishing and heat-shrink tubing helps protet the bers.
B. Temporal and Spatial Resolution
To test the temporal response of our detetor, we
reord Brownian motion of a single partile. The exper-
imental setup onsists of a foused 1064 nm YAG laser
beam (optial tweezer
7
) that reates a harmoni poten-
tial for the small bead in the enter of the fous
8
. As the
partile moves within this potential it hanges the dis-
tribution of intensity within the laser beam. The trans-
mitted light is olleted by a ondenser lens and olli-
mated by a 25 mm foal length lens. This ollimated
beam goes into our waveguide splitter and onto our bal-
aned detetor. We use attenuators between the 25mm
foal length ollimating lens and the waveguide splitter
to ontrol the power impinging on our detetor. We test
both polystyrene and silia beads of diameter of 0.5 µm
and 1 µm in water. We use a high resolution 14-Bit, DC
to 100MHz high-speed digitizer made by National Instru-
ments (model PXI-5122). All data sets are taken with a
sample rate of 100 MS/s with a signal shot. The data
is olleted on the digitizer board and transferred to the
omputer for analysis.
Fig. 4 shows the mean square displaement of a 1 µm
polystyrene bead in water. For this urve, the y-axis
shows the mean square displaement in units of nm
2
and
the noise oor is given to show both the temporal and
spatial resolution range of the detetor. The noise sig-
nal is reorded when a partile is not present within the
optial trap. The range of our detetor is around 30 ns
whih orresponds to a mean square displaement below
0.03nm2, providing a spatial resolution in the 1 Ångstrøm
range. This result is onrmed by measuring dierent
sized polystyrene and silia beads and we nd similar
spatial resolution.
The mean square displaement shown in Fig. 4 agrees
well with the urrent theory of Brownian motion on fast
time sales
9
. Further work is urrently being onduted
in this diretion using our detetor.
IV. DISCUSSION AND CONCLUSION
We report the development of a position-sensitive de-
tetor by onverting a balaned photo-detetor into a
FIG. 4: Mean square displaement of a 1mm polystyrene bead
in an optial trap (red irles) with the noise oor shown (blue
rosses). The detetor bandwidth is at least on the order of
30 MHz and the spatial resolution is about 1 Ångstrøm.
position-sensitive detetor using a ber opti waveguide
splitter. We are able to observe partile displaements
on time sales shorter than 100 ns with Ångstrøm spa-
tial resolution. This is an important step towards the
observation and exploration of Brownian motion on the
fast time sale, in whih the temporal and spatial res-
olutions are two losely oupled parameters. A 1 µm
polystyrene partile in water moves about an average of
1 nm in 1 µs intervals and therefore fast detetion is re-
quired not only for high-frequeny events, but also to
ahieve high spatial resolution. To our knowledge, no
ommerially available detetor has the ombination of
frequeny-bandwidth and gain.
The ombination of temporal and spatial resolution has
many appliations in the study of biologial proesses.
One example is protein folding, where fast events o-
ur on tens of nanoseond time and Ångstrøm length
sale. Another example is the study of Brownian mo-
tion in onned geometries, suh as motion of partiles
in a living ell, whih will help us understand how trans-
port ours within the rowded ytoplasma of living ells.
Finally, thermal motion of a partile bounded to a sin-
gle moleular motor has been used to investigate its me-
hanial properties
10
. Using our detetor, one an study
motion of moleular motors on muh faster time sales
with higher spatial resolution whih may reveal details
about the onformational hanges that take plae when
hemial energy is onverted to do mehanial work. The
versatility of our design an aommodate a wide range of
available balaned detetors and we expet broad range
of appliations beyond the disussed examples.
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